High initial Mn(II) concentration results in accumulation of a Mn(III) tartrate complex in the growth medium of Phanerochaete chrysosporium. Since Mn(III) is the major oxidant in ligninolysis by manganese peroxidase, the role of accumulated complex should not be neglected when degradation experiments by a crude culture filtrate are performed. To study the Mn(III) complex oxidative potential it was isolated by absorption to polyamide followed by desorption with an alkaline methanol solution. High performance liquid chromatography analysis and atomic absorption spectroscopy confirmed that the isolate was Mn(III) tartrate. Oxidation of 2,2P-azino-bis(3-ethylbenzthiazoline-6-sulfonate) was used for testing the temperature and pH stability of the isolate that also intensively oxidized 2,6-dimethoxyphenol. In comparison with the non-isolated complex in the culture filtrate, the isolate showed increased temperature and pH stability. The oxidative potential of the isolated Mn(III) tartrate was additionally tested by decolorization of the synthetic dye Indigo carmine. ß 2001 Published by Elsevier Science B.V. on behalf of the Federation of European Microbiological Societies.
Introduction
The white rot fungus Phanerochaete chrysosporium produces two extracellular hemoprotein families : lignin (LiP) and manganese (MnP) peroxidases [1, 2] . MnP, which was discovered in P. chrysosporium [3] , has been identi¢ed in all of the lignin degrading fungi to date [4] . The MnP catalytic cycle is similar to that of other peroxidases with reduction of hydrogen peroxide at the ¢rst stage [5] . Mn(II) has a crucial role in the MnP catalytic cycle, since although a variety of phenols are capable of reducing the oxidized enzyme intermediate MnPI, only Mn(II) is capable of reducing MnPII into the native enzyme form [6] . The fungus itself is able to generate H 2 O 2 from NADPH or from organic acids [7] in the presence of Mn(II) [5, 8] . Through the above reactions, Mn(III) is formed, which enters di¡erent oxidative reactions during ligninolysis [9] . Di¡erent organic acids serve as chelators for Mn(III). Among them, K-hydroxy acids give the most stable Mn(III) complexes [10] that are able to oxidize different substrates [11] .
During cultivation of MnP producing fungi, an orangeb rown or red^brown coloration of the growth medium was observed. It was ascribed to Mn(III) accumulation in the growth medium of the fungus, when cultivation conditions favor MnP excretion and the K-hydroxy acid is present [12] . The Mn(III) complex accumulation was additionally con¢rmed through oxidation of Mn(III) substrate 2,2P-azino-bis(3-ethylbenz-thiazoline-6-sulfonate) (ABTS), which was no longer observed after the dialysis of the culture ¢ltrate [13, 14] .
In spite of the fact that Mn(III) complexes have been shown to oxidize MnP substrates independent of the enzyme [2, 6] , Mn(III) accumulation in the growth medium was usually not taken into account when oxidation of di¡erent substrates was studied using the culture ¢ltrate with a high MnP activity. The main reason was that Mn(III) complexes are generally considered unstable [15, 16] . Nevertheless, it has recently been shown that the complex can cause false positive laccase activity [14] . Additionally, as a main actor in ligninolysis by MnP [9] , Mn(III) complex can substantially contribute to the overall oxidative potential of the cultivated growth medium ; therefore we decided to study it closer. In the present study the isolation of the complex from the growth medium is reported. Its chemical composition was analyzed and the stability of the complex was studied.
Materials and methods

MnP production
The fungus P. chrysosporium MZKI B-223 (ATCC 24725) was grown in a nitrogen-limited medium [17] bu¡-ered by sodium tartrate (pH 4.5) in agitated (200 rpm) Erlenmeyer £asks at 32³C. Mn(II) was added to the medium up to 1 mM as MnSO 4 .
Enzyme activity measurements
MnP activity was determined with a method of Field et al. [18] , using 2,6-dimethoxyphenol (DMP) as a substrate, and is expressed in U l 31 . LiP activity was measured according to Tien and Kirk [1] . No LiP activity was detected at samples, where the initial Mn(II) concentration was above 0.04 mM.
Protein concentration
The protein concentration was measured by the method of Lowry et al. [19] using bovine serum albumin as standard.
ABTS and DMP oxidation
Oxidation of both substrates was performed in 1 ml of the ¢nal reaction mixture containing the substrate, 100 mM bu¡er (Na-malonate), and the sample. ABTS or DMP concentration was 0.5 mM or 50 mM, respectively. In experiments where the ABTS oxidation was caused by the growth medium ¢ltrate, catalase (18 U ml 31 ) was added to prevent the direct oxidation of the substrate by MnP. After the reaction mixture was incubated for 5 min the concentration of the formed product was calculated from its ¢nal absorbance. The oxidation product absorbance was read at 420 nm (O = 36 000 M 31 cm 31 ) [20] and at 468 nm (O = 49 600 M 31 cm 31 ) [16] for ABTS and DMP, respectively.
Isolation of Mn(III) tartrate
The eluate obtained by ultra¢ltration of the cultivated medium from the fourth or ¢fth day of cultivation (cut-o¡ 10 kDa) was applied to a glass column using MN-polyamide CC6 polycaprolactam as a sorbent. The column was thoroughly washed with the distilled water followed by washing with 10 mM Na-acetate (pH 4) and a solution of 50% methanol in water. The complex was desorbed from the column by a 50% methanol solution containing 0.25% NH 3 . Methanol and NH 3 were evaporated and the yellow^brown solution was used for further analysis.
Analysis of Mn(III) tartrate
The isolate from the polycaprolactam column was analyzed by atomic absorption spectroscopy (AAS) and high performance liquid chromatography (HPLC). AAS was performed on Spectra AA 110 (Varian, Pty, Australia). HPLC analyses were performed on a HPLC system (Knauer, Germany), equipped with a UV-vis detector. Stationary phase was 0.34 ml CIM 0 QA (quaternary amine) disk monolithic column (BIA Separations, Ljubljana, Slovenia). Two hundred Wl of the isolate was applied. Substances were eluted isocratically using 50 mM NaCl in 20 mM Na-phosphate, pH 8, at a £ow rate of 4 ml min 31 and detected at 210 nm [21] . As a standard 10 mM Na-acetate and 10 mM Na-tartrate were used.
Decolorization of Indigo carmine
Decolorization rate was measured at the dye absorbance maximum (609 nm). Experiments were done at pH 4.5 (50 mM malonate). The reaction mixture contained 15 mg l 31 of Indigo carmine and a di¡erent volume of Mn(III) isolate in the ¢nal volume of 1 ml. The initial decolorization rate was measured from the absorbance decrease at 609 nm after the isolate was added to the reaction mixture. The extent of decolorization was calculated from the ¢nal absorbance of the reaction mixture after the reaction was completed (usually more than 2 h after the reaction was initiated).
Each experimental value in ¢gures and in tables is the average of three replicates. The relative standard deviation of the results was never higher than 10%. As a control, enzyme activity and substrate oxidation with the sterilized growth medium of the same composition as a sample were measured. ABTS, DMP, or veratryl alcohol oxidation were not observed with the non-inoculated growth medium. The absorbance readings, as well as the UV-vis spectral analysis, were performed with the Cary 50 (Varian, Pty, Australia) spectrophotometer.
Results and discussion
P. chrysosporium was cultivated at 1 mM initial Mn(II) concentration in the growth medium. It is well known that addition of Mn(II) at concentrations higher than 40 ppm (0.73 mM) results in a high MnP production completely repressing the LiP excretion at the same time [22] . MnP excretion was accompanied by intensive red^brown coloration of the growth medium as a consequence of Mn(III) complex accumulation in the culture ¢ltrate [14] . Four to ¢ve days old intensively colored culture ¢ltrate was used for isolation of the complex. The ultra¢ltration procedure was used to remove the majority of high molecular mass proteins, especially MnP. Besides MnP activity and protein concentration, the concentration of the Mn(III) complex was measured in the samples using ABTS oxidation. Cellulose membrane (cut-o¡ 10 kDa) which retained MnP with a molecular mass over 40 kDa retained at the same time also over 30% of the red^brown colored complex in the four times concentrated protein retentate (Table 1) . It was con¢rmed that the result was not the consequence of the molecular mass of the complex, since a comparable result was obtained using the membrane with 30 kDa cut-o¡. This e¡ect indicates the a¤nity of the colored complex for sorption on the proteins present in the solution. Additionally, when proteins were precipitated from the growth medium using trichloroacetic acid (data not shown), the protein pellet obtained after centrifugation was intensively brown^red in color.
The tendency of the complex to sorb to proteins, which are structurally polyamides, was exploited to separate it from low molecular mass proteins. The growth medium eluate obtained by ultra¢ltration was loaded on to a polyamide column. Low molecular mass proteins were eluted with 10 mM Na-acetate and the colored fraction was eluted with an alkaline methanol solution (Fig. 1) . Using these two eluents a thorough separation of fractions was achieved. AAS analysis con¢rmed the presence of manganese in the eluate (10.4 mg l 31 ). Although later results together with the brown^red color of the culture ¢ltrate seemed to con¢rm the Mn(III) hypothesis, indirect oxidation methods were further used to verify Mn(III) as an oxidation agent. The reason for this was the fact that the color of the band on polyamide turned from redb rown to brown^yellow in contact with the alkaline solution.
Among di¡erent substances which can be successfully oxidized by Mn(III), ABTS and DMP were chosen [11] . Both substrates were intensively oxidized by the isolate. Furthermore, the concentration of ABTS and DMP oxidation products was linearly dependent on manganese concentration in the reaction solution (Fig. 2) as would be expected for Mn(III) as an oxidation agent.
Mn(III) as such is known to be unstable, therefore the stabilizing substance in the culture medium was further investigated. Since tartaric acid was added to the growth medium as a bu¡er, it could serve as a good chelating agent for Mn(III) to stabilize it. To verify our hypothesis that the isolate is Mn(III) tartrate, it was further analyzed by HPLC. Because of the possible instability of the Mn(III) complex, a HPLC method with a short analysis time was applied. As recently shown, di¡erent organic acids have been successfully separated in a few minutes using CIM 0 monolithic columns as a stationary phase Fig. 1 . Column separation of the colored complex (F) from a protein fraction (R) using the polyamide support. Mobile phase: Na-Ac, 10 mM Na-acetate; MeOH, 50% methanol ; MeOH/NH 3 , 0.25% ammonia in 50% methanol. [21]. The chromatogram of our isolate revealed ¢ve di¡er-ent peaks (Fig. 3) . On the basis of standards, the second peak was identi¢ed as acetate and the fourth one as tartrate. While tartaric acid was added to the growth medium as a bu¡er medium, acetate can be formed in the culture medium by the fungus, but it is not a good chelator of Mn(III) [2] . Acetate can also originate from the Na-acetate solution, which was used for protein desorption from the polyamide. The identity of the remaining three fractions was not determined. All ¢ve fractions were pooled and tested for ABTS oxidation. The only fraction which oxidized ABTS was the fourth one, i.e. that containing tartaric acid. Therefore, the isolate obtained from the growth medium of the fungus using polyamide as a sorbent was identi¢ed as Mn(III) tartrate. Mn(III) complexes are known to be relatively unstable, although chelating with an organic acid can partially stabilize them [16] . In contrast to our expectation, the Mn(III) tartrate isolate was long-term stable, therefore useful in di¡erent oxidation experiments. This phenomenon might be explained by the alkaline pH of the methanol solution. Ammonia, which was added for desorption of the complex from the polyamide also raised the pH of the isolate. In alkaline solution and in the presence of oxygen, Mn(II) is converted to Mn(III) [23] . As previously mentioned, desorption of the oxidant from the column by ammonia/methanol solution resulted in shifting its color from red^brown to brown^yellow. We suppose that the alkaline solution causes a slight change in the Mn(III) tartrate structure, preserving at the same time its oxidative potential. Although ammonia and methanol were removed from the solution after isolation, the color did not return back to red^brown. Furthermore, besides the long-term stability, the Mn(III) isolate also exhibited a wide-range temperature stability (Fig. 4) . While ABTS oxidation by the culture ¢ltrate was signi¢cantly reduced by raising the temperature over 30³C, it remained almost constant over a wide temperature range, when ABTS was oxidized by Mn(III) isolate.
It has previously been suggested that the optimum pH range for oxidation reactions by synthesized Mn(III) tartrate should be determined for each substrate individually [15] . The ABTS oxidation by the isolated Mn(III) tartrate was therefore tested in the pH range from 3 to 6. It was pH independent from pH 3 to 5.5, while at higher pH values oxidation of ABTS dropped sharply toward zero (data not shown). These results are in accordance with literature data, which showed that the pH optimum for ABTS oxidation using lactic acid as a chelator is around pH 4.5 and sharply drops to zero toward pH 6 [8] . On the other hand, the isolate of Mn(III) tartrate exhibited increased stability toward acidic pH values.
Besides lignin decay, ligninolytic enzymes have been intensively studied because of their ability to oxidize di¡er-ent xenobiotics and synthetic dyes. Therefore, decolorization of the synthetic dye Indigo carmine by the isolate was tested. This dye was shown to be easily decolorized by MnP [24] . Decolorization rate measured at the original absorbance maximum of Indigo carmine (609 nm) ( between Indigo carmine and the isolate a new peak was formed with the absorption maximum at 550 nm. The new peak partially overlapped the peak at 609 nm consequently in£uencing the absorbance readings at the initial absorption maximum. The extent of decolorization was therefore calculated from the di¡erence of the ¢nal absorbance at 609 nm to the absorbance at 550 nm. The calculated extent of decolorization was also found to be proportional to manganese concentration (R 2 = 0.987) (Fig.  5) . These results indicate that the Mn(III) complex, formed in the growth medium, can signi¢cantly contribute to degradation of substances which are usually tested for their degradability by MnP.
According to our knowledge, our present study is the ¢rst one proving directly that the Mn(III) complex formed by the fungus in the growth medium acts as an oxidant. Since Mn(III) is the major oxidant in the ligninolysis by MnP, production of the complex as well as its stability in the growth medium of the fungus is highly important when degradation experiments employing culture ¢ltrate are performed. It should not be overlooked that extracellular formation of the complex can contribute to higher reaction rates and extent of degradation. Additionally, the complex can be isolated from the growth medium and used in oxidation of di¡erent substrates, like our case of the oxidation of the synthetic dye Indigo carmine.
